Introduction
============

Small supernumerary maker chromosome (sSMC) is defined as a structurally abnormal chromosome that cannot be characterized clearly by conventional cytogenetic banding. sSMCs can be present in normal and abnormal karyotypes such as the Turner syndrome karyotype (sSMC^T^) ([@b1-ol-0-0-5965]). The majority of patients with Tuner syndrome exhibit a short stature. The birth heights of infants with Turner syndrome are shorter than infants without the syndrome, and the growth rate of infants with Turner syndrome is also lower ([@b2-ol-0-0-5965]). Another feature of Turner syndrome is the abnormal development of gonads, and mental disabilities may also be present ([@b3-ol-0-0-5965]).

In the majority of cases, the size of sSMC is smaller than chromosome 20 ([@b4-ol-0-0-5965],[@b5-ol-0-0-5965]) and sSMCs can be derived from autosomes and sex chromosomes ([@b6-ol-0-0-5965]). sSMCs may result from translocations, with \~64% attributed to balanced translocations in the parent, while the remaining \~36% arise *de novo* ([@b7-ol-0-0-5965]).

The sex-determining region on the Y chromosome (SRY) gene isolated in 1990 was known as the testis-determining factor on the Y chromosome ([@b8-ol-0-0-5965],[@b9-ol-0-0-5965]). The SRY gene encodes a transcription factor, which is a member of the high mobility group box family of proteins and is important for the sex determination process ([@b10-ol-0-0-5965]). Although birds and reptiles lack the SRY gene, sex determination by the SRY gene is common in mammals and it can be used as a potential marker for sex determination in research ([@b11-ol-0-0-5965]).

Previous clinical studies reported great heterogeneity in the origins of sSMCs ([@b12-ol-0-0-5965]). Therefore, it is important to investigate a larger number of sSMC cases in order to expand the current understanding of the origins of sSMCs and the correlation between karyotype and phenotype, which may improve genetic counseling. In the present study, the sSMCs in 17 patients with a mos 45,X/46,X,+mar karyotype were characterized.

Materials and methods
=====================

### Participants and physical examination

Ethical approval was granted by Children\'s Hospital of Soochow University (Suzhou, China). The informed consents were obtained from all the participants. A total of 17 patients (1 male and 16 females) were included in the present study. All patients presented with a mos 45,X/46,X,+mar karyotype, a short stature and abnormal development of the gonads. The average age of the patients was 7.4 years, ranging from 2 months to 16 years. The stature of the children was shorter than the children of the same age.

Physical examinations were performed in all 17 patients and the gonads were assessed by imaging. The Wechsler Intelligence Scale for Children-V was employed to evaluate the intellectual ability of the participants ([@b13-ol-0-0-5965]).

### Cytogenetic analysis

Metaphase chromosomes were obtained from phytohaemagglutinin stimulated lymphocyte cultures from biopsy samples as previously described ([@b14-ol-0-0-5965]). The chromosomes were analyzed by Giemsa banding and karyotyped according to the Use of the International System for Human Cytogenetic Nomenclature ([@b15-ol-0-0-5965]). Karyotypes were based on the analysis of 50 metaphases.

### Fluorescence in situ hybridization (FISH)

FISH was performed using commercially available centromeric probes for chromosomes X and Y (Cytocell Ltd., Cambridge, UK) according to the manufacturer\'s protocol ([@b16-ol-0-0-5965]). The metaphase chromosomes of the samples from the patients were analyzed. The DNA was counterstained with DAPI. The chromosome X α-satellite (DXZ1) probe hybridized to sequences located at Xp11.1-q11.1 and the chromosome Y satellite III probe (DYZ3) hybridized to sequences located at Yp11.1-q11.1. The image was analyzed using a FISH image acquisition system (LEICA Q55OCW).

### Polymerase chain reaction (PCR)

Samples from patients with sSMCs derived from the Y chromosome were analyzed by PCR to detect the presence of the SRY gene. Genomic DNA was extracted from the blood samples using the QIAamp DNA Blood Mini Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer\'s protocol. PCR reactions were performed in 10 µl reactions containing 20 mg genomic DNA, 0.4 µM/l primers, 60 µM/l deoxynucleotide triphosphates, 2 mM/l MgCl~2~, 0.5 units of DNA polymerase and 1 µl 10X Taq PCR MasterMix (HotStarTaq Master Mix Kit, Qiagen GmbH).

PCR cycling conditions included, 95°C for 6 min, followed by 35 cycles at 95°C for 45 sec, 58°C for 45 sec, an extension step at 72°C for 60 sec and a final extension step at 72°C for 7 min. The sequence for the forward primer was 5′-GAATATTCCCGCTCTCCGG-3′ and for the reverse primer was 5′-ACAACCTGTTGTCCAGTTGC-3′. The agarose gel was visualized with a BIO-RAD VersaDoc 3.0 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Results
=======

### Incidence rates of sSMC

The incidence of sSMC in males was markedly decreased compared to the incidence in girls. Out of a total of 477 females presented with short stature and abnormal gonadal development, sSMC was detected in 16 patients with Turner syndrome (sSMC^T^) at a detection rate of \~3.4%. Out of a total of 349 males also presenting with short stature and abnormal gonadal development, sSMC was detected in only 1 case, with a detection rate of \~0.29%.

### Origin and morphology of sSMC

Dual-color FISH analysis with DXZ1 (green) and DYZ3 (red) probes was employed to assess the origin of sSMCs ([Fig. 1](#f1-ol-0-0-5965){ref-type="fig"}). Out of the 16 females detected with SMCs, sSMCs in 14 cases were derived from the X chromosome and 2 cases were derived from the Y chromosome. The sSMC in the single male was derived from the Y chromosome ([Fig. 2](#f2-ol-0-0-5965){ref-type="fig"}).

Karyotype and FISH analyses indicated out of the 17 cases with sSMCs, 8 cases were ring-shaped and 9 were centric minute-shaped sSMC. The results demonstrated that the sSMC^T^ cases were derived from the sex chromosome, including predominantly from the X chromosome.

### Detection of the SRY gene

The sSMCs in 2 females (cases 10 and 15) and 1 male (case 14) were derived from the Y chromosome. PCR analysis indicated that the SRY gene was detected in only cases 14 and 15 ([Table I](#tI-ol-0-0-5965){ref-type="table"}). Both individuals exhibited feminine characteristics. Although the SRY gene was present in case 15, the gene may have been mutated, leading to a loss-of-function. The Wechsler Intelligence Scale for Children-V test indicated that 3 (cases 3, 7 and 16) of the 17 children tested appeared to have mental retardation ([Table I](#tI-ol-0-0-5965){ref-type="table"}).

Discussion
==========

The incidence rate of sSMC is relatively low, with a rate of \~0.001% in newborn babies and a detection rate of \~0.004% by antenatal diagnosis ([@b1-ol-0-0-5965]). In the present study, the incidence of sSMC in males was markedly lower compared to the incidence in girls, with \~0.29 vs. \~3.4%.

sSMCs can be derived from the autosomes and the sex chromosomes ([@b6-ol-0-0-5965]). Liehr *et al* ([@b1-ol-0-0-5965]) have previously tested the origins of sSMCs in 512 cases, and it was reported that 72.6% were derived from the Y chromosome, 27% from the X chromosome and 0.4% from the autosomes. In the present study, 17 cases were analyzed using dual-color FISH. It has been demonstrated that the sSMCs in patients with a Turner syndrome karyotype were derived from the sex chromosomes. In the 16 females, sSMCs in 14 cases were derived from the X chromosome and sSMCs in 2 cases were derived from the Y chromosome. The sSMC in the single male with hypospadias and a short stature was derived from the Y chromosome.

It has been previously reported that the origin of the sSMC in patients with Turner syndrome may impact on the risk of malignant gonadal tumor; if the sSMC is derived from the Y chromosome the risk may be increased by 30% ([@b17-ol-0-0-5965]). Therefore, it is important to establish the origin of sSMCs.

45,X/46,XY is a disorder of sexual development (DSD). Patients with DSDs present with abnormal sexual development and short stature ([@b18-ol-0-0-5965]). Types of DSD include Turner syndrome, mixed gonadal dysgenesis and genital tract malformation ([@b17-ol-0-0-5965],[@b19-ol-0-0-5965],[@b20-ol-0-0-5965]). In the present study, sSMCs in 3 patients (3 females and 1 male) were derived from the Y chromosome. The SRY gene in case 15 may have been mutated, leading to a loss-of-function. Notably, cases 10 and 15 were females, and whilst the SRY gene was absent in case 10, the gene was present in case 15. Both females exhibited feminine characteristics and clinical characteristics associated with Turner syndrome.

In view of the short stature and abnormal sexual development, patients with these features may be treated as Turner syndrome patients. When treating 45,X/46,X,+mar karyotype patients, the origin of sSMCs need to be assessed. To keep the basic social gender and gonad function, the contradictory gonad should be excised. During childhood, Turner syndrome patients may be treated with recombinant human growth hormone to promote an increase in stature. Patients would be treated with hormone to initiate puberty \~12 years old ([@b21-ol-0-0-5965]). In addition, mental intervention is also necessary to treat the children.

In conclusion, patients with the mos 45,X/46,X,+mar karyotype have varying origins of sSMC. A multidisciplinary approach is necessary for early diagnosis and appropriate treatment of these patients in order to reduce social and mental consequences.
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![Dual-color FISH of sSMC in patients with 45,X/46,X,+mar mosaicism. The X chromosome centromere was stained green, while the Y chromosome was stained red, using FISH methods. (A) A chromosome spread from a patient, including an sSMC derived from the Y chromosome (red, arrowhead). During metaphase, the DAPI chromosome signal was 46,X,+mar; in interphase, it was 45,XO. (B) A chromosome spread from a patient with mosaicism, including an sSMC derived from the X chromosome (green, star). During metaphase, the DAPI chromosome signal was 46, X, +mar; in interphase, it was 45,XO. Magnification, ×1,000. FISH, fluorescence *in situ* hybridization; sSMC, small supernumerary maker chromosome.](ol-13-06-4385-g00){#f1-ol-0-0-5965}

![Karyotaping detected by Giemsa banding. sSMCs are indicated by black arrows. (A) Centric minute-shaped sSMC derived from the Y chromosome. (B) Centric minute-shaped sSMC derived from the X chromosome. (C) Ring-shaped sSMC derived from the X chromosome. sSMC, small supernumerary maker chromosome.](ol-13-06-4385-g01){#f2-ol-0-0-5965}

###### 

Clinical feature of the small supernumerary marker chromosome in children with mos 45, X/46,X,+mar karyotype.

  Case No.   Gender   Age of onset (years)   Chromosomal origin of sSMC   Shape of sSMC   SRY gane   Clinical features            Mental disability
  ---------- -------- ---------------------- ---------------------------- --------------- ---------- ---------------------------- -------------------
  1          F          9                    X                            min             ND         Turner                       −
  2          F          7                    X                            min             ND         Turner                       −
  3          F        16                     X                            r               ND         Turner                       \+
  4          F          6                    X                            min             ND         Turner                       −
  5          F        16                     X                            r               ND         Turner                       −
  6          F          9                    X                            r               ND         Turner                       −
  7          F          7                    X                            min             ND         Turner                       \+
  8          F          3                    X                            min             ND         Turner                       −
  9          F          2                    X                            r               ND         Turner                       −
  10         F          5                    Y                            min             −          Turner                       −
  11         F        13                     X                            r               ND         Turner                       −
  12         F          6                    X                            r               ND         Turner                       −
  13         F        16                     X                            r               ND         Turner                       −
  14         M          6                    Y                            min             \+         Hypospadias, short stature   −
  15         F        2 months               Y                            min             \+         Turner                       −
  16         F          9                    X                            r               ND         Turner                       \+
  17         F          1                    X                            min             ND         Turner                       −

SRY, sex determining region Y; sSMC, small supernumerary maker chromosome; r, ring chromosome; min, centric minute; ND, not detected; Turner, Turner syndrome; F, female, M, male; +, positive; -, negative.
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